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ABSTRACT: The study of the oxygen reduction reaction 
(ORR) at high-index Pt(hkl) single crystal surfaces has 
received considerable interest due to their well-ordered, 
typical atomic structures and superior catalytic activities. 
However, it is difficult to obtain direct spectral evidence of 
ORR intermediates during reaction processes, especially at 
high-index Pt(hkl) surfaces. Herein, in situ Raman 
spectroscopy has been employed to investigate ORR processes 
at high-index Pt(hkl) surfaces containing the [ ] crystal zone 011
– i.e. Pt(211) and Pt(311). Through control and isotope 
substitution experiments, in situ spectroscopic evidence of 
OH and OOH intermediates at Pt(211) and Pt(311) surfaces was 
successfully obtained. After detailed analysis based on the 
Raman spectra and theoretical simulation, it was deduced that 
the difference in adsorption of OOH at high-index surfaces 
has a significant effect on the ORR activity. This research 
illuminates and deepens the understanding of the ORR 
mechanism on high-index Pt(hkl) surfaces and provides 
theoretical guidance for the rational design of high activity 
ORR catalysts.
In fundamental research, the surface structure of the 
catalysts is known to have a crucial effect on the reaction 
processes and the adsorption of intermediate species. 
Research on reaction processes at atomically flat and well-
defined single crystal surfaces acts as a bridge between 
experimental observations and theoretical simulations and 
provides unparalleled insights.1-4 Compared with low-index 
single crystal surfaces, high-index single crystal surfaces 
generally have better catalytic activities, with more accessible 
surface structures and lower atomic coordination numbers, 
facilitating better interactions with interfacial reactants or 
reaction intermediates.5-9 Therefore, studying the facet effects 
of different high-index surface structures has important 
practical significance for understanding interfacial catalytic 
mechanisms and guiding the rational design of catalysts. 
As the most important cathode reaction in fuel cells, 
research on the oxygen reduction reaction (ORR) mechanism 
at Pt(hkl) surfaces has long been of interest to the scientific 
and catalysis communities,10-13 with traditional 
electrochemical methods being commonly used to study ORR 
processes on different Pt(hkl) surfaces.14-17 Compared with the 
Pt(111) and Pt(100) surfaces which are the flattest low-index 
crystal surfaces, high-index Pt(hkl) surfaces have different 
degrees of terraces and step densities with Pt(211) having the 
best ORR activity. Interestingly, ORR activity usually 
increases with an increase in step density in the [ ] stepped 011
crystal zone. However, though the step density of Pt(311) is 
higher than Pt(211), its activity is slightly lower than Pt(211).18 
This trend may be due to the different adsorption free energies 
of ORR intermediates at Pt(211) and Pt(311) surface, but the 
exact reasons are still uncertain.
Since knowledge of the exact reaction mechanisms, 
intermediates and their adsorption configurations generated 
at different surfaces is difficult to precisely attain using 
conventional electrochemical techniques, spectroscopic 
methods have been used to qualitatively observe interfacial 
processes. For example, infrared (IR) and surface-enhanced 
Raman spectroscopy (SERS) have been used to study ORR 
processes at different polycrystalline electrode surfaces, 
providing in situ spectral evidence of different ORR 
intermediate species.19-23 However, most previous 
spectroscopic studies have been unsuitable for directly 
studying the ORR on single crystal surfaces at the atomic level 
in aqueous systems. The invention of shell-isolated 
nanoparticle-enhanced Raman spectroscopy (SHINERS) by 
our group has allowed enhanced Raman signals from different 
surfaces, especially single crystal surfaces to be collected 
effectively.24 Additionally, SHINERS has been successfully 
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applied to study various molecular adsorption and electrode 
catalytic processes on different low-index single crystal 
surfaces.25-28 Herein, considering their unique crystal 
structures and higher ORR activities, in situ SHINERS was 
employed to study ORR processes (Figure 1 and Figure S1) at 
Pt(311) and Pt(211) surfaces, to observe and understand the 
ORR mechanism on high-index Pt(hkl) surfaces.
Figure 1. Schematic of SHINERS study of the ORR at Pt(311) 
surface. The golden sphere with a transparent silica shell 
represents the SHIN (Au@SiO2), the enhancement hot spot is 
highlighted in red, the red-yellow arrows depict the laser 
signal. The big white, small white and red spheres represent 
Pt, H and O atoms, respectively.
For the cyclic voltammogram (CV) of Pt(111) in 0.1 M HClO4 
solution saturated with Ar (Figure 2a - black curve), the low 
potential region between 0.05 - 0.25 V corresponds to 
absorption and desorption of “Had”, and the complex CV signal 
between 0.6 - 0.85 V is attributed to the reversible formation 
of “OHad”.29-30 For Pt(211) and Pt(311) surfaces (Figure 2a - red 
and blue curves, respectively), the peaks between 0.05 - 0.2 V 
are the absorption/desorption of “H” at terrace sites, and the 
peaks between 0.2 -0.4 V represent the anion and/or “H” 
absorption/desorption features on (111) - (100) step-terrace 
sites.31 At potentials below 0.9 V (Figure S2) the surface order 
is well maintained for both Pt(211) and Pt(311), however higher 
potential limits result in changes in the Hupd region, implying 
some disordering due to oxidation. The ORR activity of these 
three facets was then investigated. In Figure 2b, the ORR onset 
potentials on the three surfaces start at ~ 1.0 V (Figure S3 and 
Figure S4). From the half-slope potential point in Figure 2b, 
the ORR activities on the three electrodes follow the order: 
Pt(111) ≈ Pt(211) > Pt(311), in 0.1 M HClO4. Also, if the initial 
potential of ORR on three surfaces is ≤ 0.9 V (Figure S5 and 
Figure S6), the ORR activities follow the order: Pt(211) > Pt(111) 
> Pt(311), which matches previous work.18 However, in this 
system, Pt(211) and Pt(311) have a certain degree of oxidation 
at the initial ORR potential (~ 1.0 V), leading to a partial 
disordering in the crystal surfaces and resulting in slightly 
different ORR activities. 
In situ electrochemical SHINERS was then used to 
investigate the ORR at the Pt(311) surface, and the SHINs only 
has a negligible effect on the electrochemistry and ORR 
activity of Pt(hkl) surfaces (Figure S7). As shown in Figure 2c, 
at initial potentials no significant Raman peaks are visible 
other than a peak at 933 cm-1 belonging to bulk HClO4 in 
solution. As the potential decreases, a pair of Raman peaks, 
around 1040 cm-1 and 765 cm-1, appear at 0.9 V. Further 
decreasing the potential causes the Raman peak around 1040 
cm-1 to become slightly stronger, while the Raman peak of 765 
cm-1 remains stable regardless the potential. Generally, the 
OH species adsorbed or desorbed on Pt(hkl) surfaces in Ar 
saturated solution, which originates from breakage of water 
molecules on Pt(hkl) surface. However, in the control 
experiment saturated with Ar (Figure 2d), the peaks at 1040 
cm-1 and 765cm-1 are not observed, indicating that they are 
related to ORR processes. Based on previous research on low-
index Pt(hkl) surfaces,28 the Raman peak around 1040 cm-1 is 
possibly associated with either OH or superoxide species, 
while the peak at 765 cm-1 is likely associated with a peroxide 
species. We then carried out some isotopic experiments to 
qualify these spectral bands.
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Figure 2. a) Electrochemical results of Pt(hkl) surfaces in 0.1 M HClO4 solution saturated with Ar and b) saturated with O2, 
respectively, with 1600 rpm. rotation rate, scan rate = 50 mV/s; c) SHINERS spectra of Pt(311) surface in 0.1 M HClO4 solution 
saturated with O2 and d) with Ar), respectively. 
Figure 3. Isotopic control spectra for ORR processes on the 
Pt(311) surface under different conditions in aqueous and 
deuterated 0.1 M HClO4 solutions under 0.7 V. 
In deuterated experiments, it was found that the Raman 
peaks around 1040 cm-1 and 765 cm-1 were significantly shifted 
to lower wavenumbers, with the peak at 1040 cm-1 shifting to 
around 788 cm-1 and the peak at 765 cm-1 shifting to 727 cm-1 
(Figure 3 - blue curve). Indicating that both of these peaks are 
associated with the “H” atom. The Raman frequency ratio in 
isotopic experiment to that in normal experiment can be 
approximately analyzed by the mass formulas (Formula S1-
S4). Regarding the species with the peak at 1040 cm-1, such a 
large shift in the D2O experiments indicates “OH” species. 
Previous research has shown that the peroxide species should 
appear in the range between 700-900 cm-1.20,22,32,33 As the peak 
around 765 cm-1 shifted to a lower wavenumber in D2O 
experiments, this indicates proton interactions and thus 
corresponds to “OOH” species. For further verification, 18O2 
isotope experiments were also performed and found that the 
peak at 1040 cm-1 shifted to around 1001 cm-1, while the peak of 
765 cm-1 slightly shifted to 751 cm-1 (Figure 3 - red curve). 
Suggesting both of these peaks are related to the “O” atom. 
In previous study, the OOH species appeared around 735 
cm-1 at the Pt(111) surface and the OH species appeared around 
1080 cm-1 at the Pt(100) surface.28 Comparing these peaks on 
low-index surfaces with those observed herein on Pt(311), 
there are obvious shifts in the Raman frequencies between 
surfaces. This can be accounted for by the difference in the 
surface structure of Pt(311) compared with low-index Pt(hkl) 
surfaces which will affect the adsorption configuration or 
adsorption energy of surface species. Therefore, for the Pt(311) 
surface the 1040 cm-1 peak can be ascribed to an adsorbed OH 
species, while the peak of 765 cm-1 corresponds to OOH 
species. Similar to the Pt(311) surface, a pair of Raman peaks at 
1040 cm-1 and 765 cm-1 appear at ORR potentials at the Pt(211) 
surface (Figure 4a) and are assigned to OH and OOH surface 
species, respectively (Figure S8). However, there is a slight 
difference in the ORR profiles between Pt(211) and Pt(311). For 
the Pt(211) surface, both Raman peaks around 1040 cm-1 and 
765 cm-1 only appear at potentials below 0.9 V and first 
increase with decreasing potential, then weaken after 
reaching a maximum at about 0.7 V. This indicates that the 
surface concentration of OOH and OH species changed 
significantly during the ORR process at the Pt(211) surface. 
Compared to the low-index Pt(hkl) surfaces, the presence of 
both the OOH and OH species simultaneously in the Raman 
spectra of the high-index crystal surfaces (Figure 4b), further 
demonstrating the surface sensitivity of ORR intermediate 
species to the single crystal surface structure.
Based on the SHINERS and electrochemical results, a higher 
adsorption energy for the OOH intermediate at the Pt(311) 
surface is likely the main reason for its lower reactivity than 
the Pt(211) surface.15,18,34 Considering the SHINERS results, the 
Raman band around 765 cm-1 at the Pt(311) surface for the 
adsorbed OOH is considerably more intense than for Pt(211) 
(Figure 2c and 4), despite the latter surface having longer 
terraces. The lower intensity of the OOH peak at the Pt(211) 
surface could be due to OOH not being bonded to the surface 
as strongly as at Pt(311) surface, and therefore it could more 
readily desorb and diffuse along the surface to react at other 
(111) or (100) sites. The stronger adsorption energy in the case 
of Pt(311) would account for the higher intensity of the Raman 
band, and also for its lower activity, since the strongly 
adsorbed OOH intermediate would be more stable than in the 
case of longer terraces, and equilibrium with the species in 
solution is more favored.16 Meanwhile, the OOH peak around 
735 cm-1 for Pt(111) is much more intense than for the Pt(211) 
and Pt(311) surfaces (Figure 4b) because in this case the 
terraces are very long, so the amount of adsorbed OOH 
species 
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Figure 4. a) SHINERS of ORR at Pt(211) in 0.1 M HClO4 solution; b) SHINERS of different Pt(hkl) surfaces in 0.1 M HClO4 solution 
(saturated with O2) at 0.8 V held potential (normalized with the solution peak of 933 cm-1).
would be very high. The higher adsorption energy of the 
adsorbed OOH intermediate at the Pt(311) surface can be 
further justified by considering the electrochemical behaviour 
(Figure 2 a-b). Currents at the lowest potentials correspond to 
the H adsorption/desorption region at the (111) terraces and 
also to hydrogen and OH adsorption/desorption at steps. The 
voltammetric profile in this potential region is considerably 
modified when comparing Pt(211) and Pt(311) (see Figure 2a 
between 0.06 and 0.4 V). This indicates changes in the 
adsorption energies of H and OH species, and one could 
expect also changes in the adsorption energies of OOH 
intermediate since the chemical nature is very similar. To 
further confirm these conclusions, density functional theory 
(DFT) was employed to investigate the adsorption state of 
OOH on Pt(311) and Pt(211) surfaces. It was found that the 
adsorption energy of OOH on Pt(311) surface is indeed higher 
than Pt(211) surface(Figure S9 - 10, Table S1), which correlates 
well with our conclusions. 
In summary, in situ Raman spectroscopic evidence of the 
key ORR intermediates, OH and OOH, was obtained for the 
first time at high-index Pt(hkl) surfaces. A series of control and 
isotope substitution experiments were performed to confirm 
the characterization of these spectral peaks. It was shown that 
the high ORR activity of high-index Pt(hkl) surfaces are due to 
the interfacial reaction characteristics of various surface 
structures and also the different adsorption energy of 
intermediates on different surfaces related to synergistic facet 
effect of specific surface structures likely also plays an 
important part. Also, the specific adsorption of different 
intermediates on different surfaces is the cause of the higher 
ORR activity of Pt(211) than Pt(311). Therefore, it is possible to 
design new catalysts with different crystal surface structures 
to achieve higher ORR catalytic activity with compound 
characteristics of different single crystal facets. This also 
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